Abstract
Introduction

19
Building information modelling (BIM) has emerged into the mainstream bringing a different process of 20 collaboration and a new way of working transforming current AECOO industry structures and practices, with the 21 aim of improving efficiency & environmental objectives [36] . The subject of BIM has become a central topic to the 22 improvement of the AECOO industry, to the point where the concept is being expanded into domains it was not 23 originally conceived to address. Transitioning BIM into the domain of infrastructure projects has provided 24 challenges and emphasized the constructor perspective of BIM. Many different countries across the world, 25 including Norway, Singapore, Canada, the US and the UK have adopted BIM; and surveys conducted by Hill Construction [48] revealed that western Europe was trailing behind north America which had a BIM adoption 27 rate of 49% compared to an adoption rate of just over a third (36%) in western Europe. Of these adopters, 47% 28
were Architects, 38% were engineers and 24% were contractors. This demonstrated the lack of adoption within 29 the contracting sector due to a possible lack of understanding of the contractor role within BIM. 30
On a UK perspective The National Building Specification have conducted annual BIM reports and surveys, the latest 31 NBS BIM report 2015 [65] depicts an expanding outlook, showing that BIM adoption in the UK has gained traction, 32 increasing its adoption level from 13% in 2010 to 40% in 2012 and continuing to 50% in 2014 a substantial increase 33 in a short period of time. In Contrast, similar Surveys conducted by McGraw Hill Construction [47] for the United 34
States show that BIM use for Infrastructure is about 3 years behind that of buildings, only reaching a 50% adoption 35 rate in 2013. These levels will continue to rise as further academic research is undertaken and the UK industry 36 reaches the government mandated BIM level 2 and continues on through to level 3. 37
Construction industry is one of the key industries in the UK in meeting the requirements of the Climate Change Act 38
2008 that legalised the target to reduce CO2 emissions by 80% by 2050 [29] . This culminated in the issuing of a UK 39
go e e t a date fo the use of Matu it Le el fully collaborative BIM by 2016 [11] . The mandate has 40 *Manuscript Click here to view linked References 2 | P a g e specified BIM to be used on all public works, meaning a mandated use within the infrastructure sector such as rail, 41 road, utilities and energy projects that are longitudinal in nature compared to the generally vertical nature of 42 building projects. Infrastructure contractors & engineers have found themselves having to begin an accelerated 43 BIM deployment in the form of both design BIM and field (site) BIM in a sector that is known for its heavy use of 44 2D based design and large volume of static documentation. Adaptation of the BIM concept to suit the specific 45
e ui e e ts of i f ast u tu e p oje ts ill e a ke aspe t i effe ti e BIM deplo e t & UK o t a to s a ilit 46 to meet the 2016 requirement. 47
In view of the potential benefits of BIM for the Infrastructure construction industry, this study aims to provide a 48 review of existing research and industry development on the use of the BIM concept within the Infrastructure 49 sector and its application by the contractor role. In order to achieve the above target, this review collects more 50 than 250 key publications in the relevant area, and analyses the trends for BIM development for infrastructure 51 according to publication year, publication origin, project phase in question and publication scope. The review 52 highlighted a developing base of BIM for infrastructure. From the Analysis, the related research gaps were 53 identified regarding information integration, alignment of BIM processes to contractor business processes & the 54 effective governance and value of information. 55
The following contents are organized as follows. A brief explanation of BIM and the Infrastructure sector is give in 56 section 2.The review methodology is explained in section 3; Section 4 presents the main statistical contents of the 57 review; followed by section 5 -discussion & gap identification. The conclusion is given in section 6. 58
BIM & The Infrastructure Sector
BIM is defined as the art of information management & collection by CPIC (Construction Project Information 60
Committee); a process that runs through the entire asset lifecycle [32, 57] ; and a Digital representation of physical 61 & functional elements of an asset used for decision making [53] . What is common from these definitions is that the 62 BIM concept is made up of four key elements; collaboration, representation, process & Lifecycle which all interact 63 with each other to create an innovative and efficient project environment ( Figure 1) . 64
Infrastructure is defined by the o fo d di tio a as the basic physical and organizational structures 65 and facilities needed for the operation of a society or enterprise [56] . Therefore, Infrastructure assets can be 66 broken down in to 5 main domains [14] : 67 
Distribution of Publications by industry Sector
132
The Literature volume consisted of papers focusing on the infrastructure sector, buildings sector and generic work 133 that has no specific sector focus (Left Figure 3) . Construction phases when the subject is around project collaboration, whereas the term life-cycle refers to papers 156 that address all phases in a cyclic unending fashion. The phases concerned are procurement, design, construction, 157 handover, operation and maintenance and the unifying Life-Cycle concept. 158
In terms of the total volume, The construction phase is the most common phase addressed with 182 papers, this is 159 in part due to the inclusion of transferable construction BIM subjects within the volume reviewed limiting the 160 insights that can be gained. The next most common phase work has been conducted on is the life-cycle level (47), 161 and design (32). 162
Focusing on the 84 publications that address the infrastructure sector. Figure 5b As would be expected these system prototypes emerge from papers with a system development theme, but also 212 several papers on frameworks and information modelling have yielded practical system prototypes. 34 213 publications generated tool prototypes which involve smaller ICT applications such as Cao construction information from IFC based models [55] . 226
Business Dimensions/Processes
227
A business dimension/process in this paper refers to the grouping of project processes into domains or 228 departments and mainly refer to the activities of the constructor role. Of the 259 publications 211 address 1 or 229 more business processes. Cost management involving the generation of estimates and accounting onsite and time 230 management involving the generation/update of 4D schedules and time simulation of the works were the most 231 addressed processes with 53 publications each. Integration of many systems for overall project management and 232 methods/systems for the progress monitoring of works were the next common with 28 publications each. Health 233 and safety (25) integration within BIM is becoming a growing subject along with the leveraging of BIM for 234 enterprise resource management (ERM) (22). Figure 10 also highlights the under development of quality 235 ma age e t a ajo usi ess p o ess a d o e of the o po e ts of the P oje t a age e t t ia gle 236 (Cost, Time, Quality, Health & Safety). Other emerging areas include the leveraging of 4D BIM models to analyse 237 constructability (6), for example Chen, et al. [13] analyses space utilisation to improve construction sequencing and 238 to perform time based clash detection in addition to the traditional static clash detection. 239 Standards exist to provide guidance and best practice on a particular subjects and are effective within a particular 242 domain. These domains usually refer to the geographical scope of the standard. From this study the most relevant 243 standards on the subject of BIM in infrastructure and construction were found and reviewed. 244
IFC-IDM-MVD (ISO 16739 & 29481)
245
BIM as a process involves the generation and management of data and information associated with an AECOO 246 industry project over its entire lifecycle from brief to decommissioning [32] . Therefore, to facilitate this 247 consolidation of knowledge over multiple disciplines each utilising specialist BIM tools, a common data 248 format/structure for information transfer is required. The IFC by nature is a large and complex data schema (data format) designed to comprehensively store all aspects 256 of an AECOO industry project and the resultant asset [10] . Therefore, complete implementation is not viable by 257 software vendors. To address this the IDM-MVD methodology (Information Delivery Manual & Model View 258 Definition) was developed which in simplistic terms is a targeted exchange of project information working on the 259 premise to only exchange what is relevant and required for specific activities, using the IFC as the parent data 260 schema. Briefly IDM defines an industry process that requires the exchange of information between two software 261 packages, defining the process and exchange requirements. Coupled with this is the MVD (Model View Definition) 262 which is the technical implementation of the exchange requirements in the form of a subset of the overall data 263 schema. Figure 11 shows the interaction between IDM and MVD. 264 The follow on standard from 1192-2 is PAS1192-3:2014 Specification for information management for the 285 operational phase of assets using BIM. Similar to 1192 part 2, part 3 lays out high level processes for the 286 management, generation and maintenance of information. The difference lies in the purpose of the data being 287 used. This data forms an Asset Information Model (AIM) used to monitor, analyse and cost effectively improve the 288 performance of a built asset. The processes are tightly interlinked with part 2 fo i g a ite ati e loop of Pla -289
Design -Construct -Ope ate . The PIM of a capital project contributes to the information stored within the Asset 290 Information Model and is specified by the Asset information requirements. The AIR is also used to inform and cis 291 integrated as an element of the EIR in the event of a new project being commissioned on an existing Asset. This 292 standardised method of project management and asset management helps to seamlessly integrate information 293 throughout the cyclic lifecycle of built assets, and provides a means for the efficient generation and reuse of 294 information. 295 Figure 11 The role of MVD (with IDM for requirement and deployment Description) extracted from buildingSMART website BS1192-: Colla o ati e p odu tio of I fo atio pa t : fulfilli g E plo e s i fo atio E ha ge e ui e e ts 296 using COBie, in simplest terms can described as the connection mechanism between Client and employer or 297 construction to in-use phase. It is a methodology for the structured exchange of information relating to built 298 assets. The code of practice details the use of the COBie format (Construction Operations Building infromation 299 exchange) to exchange the information specified via the processes and documents detailled in 1192 part 2, 300 assisting the demand (client) side in specifying and using relevent and accessible data, while allowing the 301 information providers a mechanism to extract and prepare concise, unambiguous information that can be easily 302 checked and interpreted on the client side. with this massive uptake of active collaborative data production, 303 storage and transfer it has become apparent that the issue of data integrity and security needs to be addressed. 304 PAS1192-5: Specification for security-minded building information management, digital built environments and 305 smart asset management, addresses the security issues relating to asset and built environment data produced and 306 utilised throughout the project life cycle. It will outline steps to create a Security mind-set facilitating the safe and 307 secure use of the information generated by a project enabling the full utilisation of the BIM Concept with out 308 restrictions being emposed due to security issues and threats. In this ever more digital age the security of data is 309 ever more apparent and is in direct opposition to data availability. 310
US standards
311
The central BIM standard for the USA is namely the US BIM Standard version 3 (NBIMS v3 Collaboration among participants -One of the main points addressed within the standards is the definition of 390 how data will be shared the process for sharing that data. This theme ties in with modelling standards and BIM 391 deliverables. Defining the means by which the information will be delivered and also how the information 392 produced to the modelling standards will be passed between participants. It is expected that the transfer of data 393 between participants will be predominantly in the form of IFC, though other methods such as vendor proprietary 394 data formats are still used. All standards facilitate the definition of a common data environment (CDE) and 395 collaboration procedure. 396 It is clear by the variety of standards available both for specific regions and internationally that a considerable 397 amount of work is being done to standardise and facilitate the use of BIM. Most standards address the same areas 398 in the application of BIM though more needs to be done on the specification and standardisation of BIM subjects 399 relevant to the construction phase of projects as most standards are heavily bias towards the production of the 400 design model, and do not directly address the 4 th and 5 th dimensions of cost and programme. 401
Though these standards have made strides to improve BIM implementations the key to effective BIM usage lies in 402 their correct use and understanding by project participants and the willingness to move away from traditional 403 practices embracing the BIM concept. 404
The constructor perspective of BIM for infrastructure development
405
From the investigation into infrastructure projects and current BIM concepts it can be seen that some aspects are 406 very similar to their building sector counter parts such as the design review process, collaboration methodology, 407 and to some extent the co-ordination of the works which can take the same approach as building sector BIM. The 408 main difference comes with the consideration of advantage, modelling in buildings is very component based and 409 provides advantages in clash detection, clarity of information and visual aids during the design stage. In contrast a 410 highways project has minimal need for clash detection and extensive modelling during the design stage as other 411 than providing advanced visualisation does not add much value. The advantage in highways comes from the co-412 ordination and visual integration of non-graphical data into the model, and will be used most efficiently during the 413 pre-construction and construction phase, linking field gathered information into a site (field) BIM modelling 414 approach, generating accurate and data rich Project Information models ( Figure 13 ) to be transferred to the 415 operating agents in a form that can be automatically integrated into their network dataset. As with any BIM 416 approach the effectiveness and usefulness of the data revolves around the ability to specify what data to collect, 417 who will collect it and how it will be utilised, along with the provision of technologies to capture and transfer the 418 data between participating parties (Figure 12Figure ). 419 14 | P a g e
Infrastructure BIM
420
The use of BIM in the infrastructure domain is a subject growing rapidly in conjunction with the traditional BIM 421 concept. As analysed previously infrastructure BIM research is focused mainly on the integration of GIS, its use on 422 highways and bridges and the general implementation process (Figure ) . The limited research into design is most 423 probably due to the fact that most of the major transferable BIM research (research that can be applied in the 424 infrastructure sector) has already been completed in the build hnyings domain. Other factors include the direction 425 of the driving forces for BIM adoption in Infrastructure coming from the operational phase working backwards, 426 due to the advanced asset management capabilities of infrastructure clients, compared with buildings where the 427 BIM driving force started from the design practitioners and has been driven forwards through the phases. Most of 428 the infrastructure design phase research within this study is concerned with case studies of practical examples or 429 the design and representation at an object level of the unique linear structure of infrastructure projects such as 430 roads, rail or tunnels. The level of O & M research also shows that the industry and researchers believe BIM can be 431 leveraged in the integrated management of entire asset networks such as highway networks, rail networks and 432 utilities. By using integrated information databases and mappings to external data sources it would be plausible to 433 manage a network of assets more effectively and provide the optimal application of capital, time and resources to 434 meet defined objectives. 435
The large volume of construction phase research also provides evidence to the concept that the 4 th (time) and 5 th 436 (cost) dimensions of BIM will provide major efficiency and quality gains within the infrastructure sector from ideas 437 such as space conflict checking on bridge projects [51], the use of aerial and satellite images for construction 438 monitoring [27] , or the use of integrated cost and schedule models for fast evaluation of highway alignments [38] . 439
From the literature volume a few initial concepts can be described comparing building IM and infrastructure IM. 440
When it comes to buildings, detailed geometry and component data can be said to be the most useful, providing 441 the ability to perform clash detection, co-ordination and generate linked costs and tasks. Whereas in infrastructure 442 detailed geometry data is less important as the analysis it makes possible (e.g. clash detection) is of less benefit 443 and is reliant on accurate data from other domains such as utilities. The most beneficial data on an infrastructure 444
project comes from what can be termed non-graphical data such as cost information, material specifications, and 445 component performance data. 446
What this a all e oke do to is a o ept of data useful ess , i ol i g the odelli g a d i lusio of 447 information that can be leveraged for the most effective gains and discarding or not producing information that 448 will be either be unused or has no value adding capability. Therefore, utilising this concept designers and 449 
Data/process Models
452
As described previously in section 4.6, 38 different data/process models were developed. The most relevant of 453 these are concerned with IFC extensions to cover infrastructure domains, mappings for linking domain models and 454 lastly process models for the use and correct production of AECOO data. 455
Examples of projects to create IFC extensions were uncovered within the literature volume. Ha, et al. [25] Mapping between different data sources and data models is becoming common place mostly due to the ever 471 expanding number of data formats and sources available and interest in utilising ontologies for knowledge bases 472 and information connection. From this the most interesting piece of literature by Karshenas and Niknam [37] 473 involves using a conversion of the widely used IFC format into an ontology schema to aid in the cross domain 474 information sharing by mapping elements and properties from one domain to another via SWRL Rules (semantic 475
Web Rule Language). This method is interesting as it provides a rule based process to actively update connected 476 properties but still maintaining the information separation between domains. Other interesting uses of data 477 mapping involves the mapping of building information models to a cost information model. Lawrence, et al.
[39] 478 developed a generic approach to create flexible mappings between BIM objects and cost items using a query based 479 approach to populate views which are then associated to one or more cost items. The benefits stated are the 480 flexibility of the mappings allowing encoding of a variety of relationships between the design and cost estimate 481 and removes the need for using a common standard for designers and estimators. This approach has its merits but 482 ill e ui e a le el of p og a i g k o ledge o the esti ato s pa t to ite a d i ple e t the e ui ed 483 queries. 484
Along with data formats and mappings, data linked process models have become popular to both specify the 485 o e t p o edu es fo toda s IT a d data d i e a ti ities a d to p o ide i o ati e solutio s to tedious a ti ities.
486
The most notable example in the literature volume is Ajam, et al. [1] s aug e ted p o ess odel fo ele t o i 487 tendering. The objective of the process model is to integrate the information exchange via Web Collaborative 488 Extranets (mainly document based information) with data in the project integrated database (the element based 489 model data) the process model serves as a basis for the development of the system architecture to integrate these 490 elements for tendering during a traditional procurement scenario. This research shows promise in the efforts to 491 merge document and element model data to improve data transfer and integrity between project organisations. 492
It is clear to see that a substantial amount of work is being done with regards to data and process models and the 493 expansion of IFC to the infrastructure domain is a key component along with the creation of information webs via 494 cross domain and cross format mappings. 495
BIM for Constructor Business processes/dimensions
496
The most cost effective uses of BIM in practical applications lie in the improvement and streamlining of business 497 processes and logic. Therefore, one of the components of this study has focused on the business 498 processes/dimensions addressed by the literature volume (with a focus on constructor processes This section illustrates only a few of the implementations and concepts being explored in relation to business 551 processes but some areas are lacking more than others such as quality management and Constructability analysis, 552 these are the identified gaps within this subject. 553
Research Gaps identified
554
As discussed, BIM research for infrastructure and construction has demonstrated the advantages and gains of 555 applying the BIM concept. These benefits include better collaboration between stakeholders, automation of 556 repetitive tasks, advanced analytics and optimisation of construction information and linking of information sets. 557
Nevertheless, four research gaps have been identified by this review and are discussed herein. 558
(1) Information integration -a common data format for Infrastructure: Although there are various different 559 examples of integrating different types of datasets and data formats, no common data format (such as the 560 IFC) has been fully extended to encompass the major types of infrastructure projects such as transport, 561 utilities or environmental projects. This is most probably due to the sheer volume of work that must be 562 completed and further validated to fully extend a common data format for Infrastructure as a whole. In 563 contradiction, a growing use of ontologies, linked data techniques and big data style approaches are reducing 564 the need for stringent, structured data formats, weaving together data using graph based approaches 565 processed via reasoning, rule engines and machine learning. The downsides of this emerging approach is the 566 level of computer science and programming knowledge required to integrate datasets. Therefore, working 567 towards a universally agreed conceptual vocabulary or data structure is an important area of research. 568
(2) Data Integration Engine -for Holistic Information Management: Various studies have focused on technical 569 applications for integrating additional dimensions to the already developed 3D Information model, providing 570 the ability to better analyse and visualise the data on a project. The draw backs of this lie in the need for data 571 to be in specific format or physically integrated into a single file or database. This approach when applied to 572 real world projects and practices provides issues with scalability, data ownership, data responsibility and data 573 conversion. This gap is relevant to both buildings and infrastructure BIM though the solution would require 574 specific components for each particular domain within infrastructure, compared to a possible singular 575 implementation for buildings. Therefore, it is proposed that a virtualized data integration engine be explored 576 to provide both the one point of truth for information that is technology and platform independent while 577 maintaining data segregation, responsibility and ownership. that information (data consumer), if a data item is produced but not consumed then it is inefficient to produce 593 it in the first place. This is applicable to both buildings and infrastructure, but due to the higher value of non-594 graphical data to infrastructure stakeholders a more defined and information governance strategy, would 595 provide great advantage. This deficit could be addressed by the development of an information Governance 596 framework to assist in the definition and management of Project information. 597
The underlying factors running through all these identified gaps highlight a theme addressing not the Information 598 itself but the usage and management of that information. The gaps cover 3 key factors or aspects of an 599
Infrastructure BIM concept these are: 600
1. Definition of information-in terms of both the structure and vocabulary of the data itself (gap 1) and 601 defining the related aspects of a single data object, such as generator, consumer, rights and responsibility 602 (gap 4). 603 2. Process of Information -an aligned methodology for the production of construction information providing 604 a view or alignment from an operational/organisational aspect (gap 3) and a project specific production 605 view (gap 4). 606 3. Connection of Information -addressing the requirement to mesh and associate information in a dynamic 607 fashion while maintaining the physical or virtual barriers required to address current legal and security 608 concerns. 609
Roadmap for Infrastructure Constructor BIM Development
610
From the identified research gaps and underlying factors, a o espo di g 'oad ap fo infrastructure constructor 611 BIM de elop e t is p oposed des i i g a esea h st ateg to address the topics and factors discussed. The 612 strategy addresses 3 key topics of Information Governance, Information Process & Information Integration which 613 are seen as the main components for moving BIM effectively through the lifecycle and into the infrastructure 614 domain (Figure ) . 615
These three topics can be combined together to realize an environment (Figure 15 ) where information consumers 616 (such as individuals, BIM software or systems) request an information view or snippet from a unified environment 617 representing a single point of truth. This environment then serves the request in a form either native or 618 understandable by the consumer, by aggregating the relevant data from information providers (these being BIM 619 files stored in a DMS, a database, or other web service) to form the dataset. The information itself is distributed 620 between information providers who can manage the storage, release state and approval of their own information, 621 allowing clear segregation of ownership of data while facilitating a virtual common data environment. Within the 622 unified environment, a project governance model specifies the structure, access rights and definition of the 623
Information providers, along with a BIM Entity Linkset describing the relationships between different information 624 entities. This linkset uses a graph based approach to describe the interconnectivity between information objects 625 and sets via unique references, this information coupled with a data aggregation engine to process and convert 626 data provides an environment able to act as centralised project hub, independent of the software and hardware 627 solutions it aggregates. 628 
Information Integration
Integrating data via linking of Resources.
Project Information Model described as a linked graph of BIM Entities.
Coupled with a processing engine that reasons and supplies information when required creating a virtualised common data environment 
